The Mariana, east Scotia, Lau, and Manus back-arc basins (BABs) have spreading rates that vary from slow ( 6 50 mm/yr) to fast ( s 100 mm/yr) and extension axes located from 10 to 400 km behind their island arcs. Axial lava compositions from these BABs indicate melting of mid-ocean ridge basalt (MORB)-like sources in proportion to the amount added of previously depleted, water-rich, arc-like components. The arc-like end-members are characterized by low Na, Ti and Fe, and by high H 2 O and Ba/La; the MORB-like end-members have the opposite traits. Comparisons between basins show that the least hydrous compositions follow global MORB systematics and an inverse correlation between Na8 and Fe8. This is interpreted as a positive correlation between the average degree and pressure of mantle melting that reflects regional variations in mantle potential temperatures (Lau/Manus hotter than Mariana/Scotia). This interpretation accords with numerical model predictions that faster subduction-induced advection will maintain a hotter mantle wedge. The primary compositional trends within each BAB (a positive correlation between Fe8, Na8 and Ti8, and their inverse correlation with H 2 O(8) and Ba/La) are controlled by variations in water content, melt extraction, and enrichments imposed by slab and mantle wedge processes. Systematic axial depth (as a proxy for crustal production) variations with distance from the island arc indicate that compositional controls on melting dominate over spreading rate. Hydrous fluxing enhances decompression melting, allowing depleted mantle sources just behind the island arc to melt extensively, producing shallow spreading axes. Flow of enriched mantle components around the ends of slabs may augment this process in transform-bounded back-arcs such as the east Scotia Basin. The re-circulation (by mantle wedge corner flow) to the spreading axes of mantle previously depleted by both arc and spreading melt extraction can explain the greater depths and thinner crust of the East Lau Spreading Center, Manus Southern Rifts, and Mariana Trough and the very depleted lavas of east Scotia segments E8/E9. The crust becomes mid-ocean ridge (MOR)-like where the spreading axes, further away from the island arc and subducted slab, entrain dominantly fertile mantle. ß
Introduction
Basalt geochemical data from the world's spreading centers reveal systematic correlations 0012-821X / 03 / $^see front matter ß 2003 Elsevier Science B.V. All rights reserved. doi:10.1016/S0012-821X(03) at both global and local scales related to the extent of mantle partial melting (e.g. [1] ). At the global scale, the negative correlation of Na 2 O and FeO contents of mid-ocean ridge basalts (MORBs), fractionation-corrected to a common 8% MgO (Na8, Fe8), re£ects a positive correlation between the average degree and pressure of melting^as do Ca8/Al8 versus Si8/Fe8 ratiost hat correlates with regional increases in mantle potential temperatures [1^5] . At slow-spreading ridges, segment-scale compositional variations de¢ne local trends that are orthogonal to the global one [3, 4, 6] . Several possible causes for the local trends have been proposed [3,4,6^8] , of which compositional heterogeneity and variable dynamics of melt supply are perhaps the most likely [9] .
Although analyses of some basalts from backarc basin (BAB) spreading centers were included in the initial global compilations (e.g. Lau Basin, Mariana Trough and east Scotia Basin averages in [1, 2] ), the global compositional variation of BAB lavas has not been investigated previously. Basalts above subduction zones typically have higher oxygen fugacity (f O2 ) and water contents (e.g. [10^12]), and hence signi¢cant di¡erences from MORB trends may be expected. Although MORB magmas are known to contain small amounts of water (e.g. [13^15]), much interpretation of the global and local MORB trends has been based on the results of laboratory experiments that melted uniform peridotite sources under anhydrous conditions (e.g. [16^18] ). The presence of water lowers the mantle mineral solidus temperatures and promotes greater degrees of melting (e.g. [19^21] ). Higher water contents increase Si8 and Ca8, decrease Fe8 and Na8, when compared to anhydrous melts on a volatile-free basis [20] . Furthermore, the presence of water delays the onset, and changes the composition, of plagioclase fractionation [22^25] . Suppressing plagioclase crystallization relative to olivine produces higher Al8 and lower Fe8. The net result is that, compared to MORB, BAB lavas show greater compositional variations and exaggerated major element trends, providing a fruitful environment in which to study crustal accretion processes.
In this paper we ¢rst discuss the geochemical data, and our corrections for crystal fractionation, for lavas from the Lau, Manus, Mariana and east Scotia BABs (Fig. 1 ). We then crossplot key chemical indices and discuss what their trends reveal about the addition of water from the subducting slab and its e¡ects on extents of mantle melting. Finally, we evaluate a physical model of mantle corner £ow and melting [26, 27] in light of the observed geochemical trends.
Data and fractionation corrections
Comprehensive geochemical analyses of closely spaced axial samples have been published for the Lau [28^36], Manus [37] , Mariana [38^42] and east Scotia [43, 44] basins. Our data base, compiled from these publications, primarily uses analyses of fresh glasses and is available 1 . Additional unpublished analyses were provided by P. Fryer, J. Pearce and R. Stern for Mariana Trough samples south of 15 ‡N and by E. Stolper and S. Newman for water analyses of segment E2 samples from the east Scotia Basin. We consulted original swath bathymetry and/or sidescan surveys of the spreading axes to limit analyses to samples from the neovolcanic zones and to exclude fractionated samples from propagation tips. Overviews of the tectonic setting and evolution of each of the BABs (Fig. 1) are provided in the following papers: Lau [45] , Manus [46] , Mariana [47] , and east Scotia [48] ; as well as in [27] .
Laboratory experiments [16^22] indicate that higher pressure melts have higher FeO and that melting to greater extents lowers the contents of incompatible elements such as Na 2 O. The global MORB trend of decreasing Na8 with increasing Fe8 is therefore correlated with increasing mantle potential temperatures [1^3] . To investigate such systematics in the BAB basalt (BABB) data we corrected the published geochemical analyses for the e¡ects of varying crystal fractionation by calculating compositions at a common 8% MgO. To limit possible errors introduced by this correction, in most cases we used only analyses with 6^8.5%
MgO. In some instances, especially for shallow ridges dominated by fractionated lavas, we included samples with as little as 5% MgO.
To account for varying liquid-lines-of-descent and the varying compositions of fractionating minerals, as a function of melt composition, Plank and Langmuir [49] calculated :
We, like Leat et al. [43] , used this equation for all samples, which facilitates comparisons of our results between basins and with MORB.
From an inspection of the BABB data, we derived the similar equation:
where FeO* expresses all iron as Fe 2þ . This function lowers the fractionation slopes as Fe8 decreases, in accordance with predicted trends and other data [15, 20, 24, 25] . It does not account for the reversal in slope at the onset of plagioclase crystallization, which occurs at lower MgO values for higher water contents [20^25] . However, the reduced slopes limit the size of this error in Fe8 typically to þ a few tenths of 1% (too high for MgO s 8%, too low for MgO 6 8%). Such errors are small compared to the range of FeO (V4% at 7^7.5% MgO) observed in each basin.
Fractionation of incompatibles such as TiO 2 and H 2 O is better described by power-law equations. We used the following equations, which also change slope with composition : TiO 2 is moderately incompatible and therefore a useful independent index of the degree of partial melting. Its concentration, and that of similarly incompatible elements Y and Yb, systematically decreases as the total extent of melting increases. Although we calculated Y8 and Yb8, we do not show them here because they linearly co-vary with Ti8. Their covariance is an important observation because it means that TiO 2 (at MgO s 5^6%) is not a¡ected by titanomagnetite fractionation (despite higher water contents producing higher saturation temperatures of oxides with respect to silicates [25] 
Compositional systematics

Lau Basin
Along the spreading axes of the Lau Basin, there is a ¢rst-order progression from arc-like to MORB-like lava compositions with increasing distance away from the Tofua arc (e.g. [34] ). Samples from the arc-proximal and shallow Valu Fa Ridge (VFR) and southern East Lau Spreading Center (sELSC) have the lowest Na8 and Ti8, and the highest Ba/La and H 2 O(8) (Figs. 2 and  3 ). In contrast, samples from the Central Lau Spreading Center (CLSC), furthest from the arc, have the highest Na8 and Ti8, and the lowest Ba/ La and H 2 O(8). Plotted against Fe8 (Fig. 3 ), Na8 and Ti8 show positive correlations, with VFR (and some sELSC) and CLSC lavas forming the low-and high-value end-members, respectively. These relationships are independent of spreading rate, which increases northward along the VFR and ELSC from 40 to 95 mm/yr, and then decreases northward along the CLSC from 92 to 85 mm/yr [45] ; nor do they correlate simply with axial depth (Fig. 2) .
Within this ¢rst-order trend from arc-to MORB-like compositions, there are numerous 
Manus Basin
The spreading axes of the Manus Basin also show a systematic variation from arc-like to MORB-like lava compositions with increasing distance away from the New Britain arc [37] , though in this case GPS measurements indicate that the segments closest to the arc are spreading the fastest, 135^145 mm/yr [50] . Samples from the arc-proximal and shallow Southeast Ridges (SER), have the highest Ba/La and lowest Ti8 (Fig. 4) . Their Na8 is variable, ranging from some of the lowest to the highest values (Fig. 5 ), re£ecting at least two di¡erent end-member arclike source types. Their high vesicularity re£ects high water contents, although the sole value measured on a moderately fractionated sample is only 0.86% H 2 O(8), probably because the lava partially degassed when erupted at 2 km water depth.
In contrast, MORB-like samples (types M1 and M2 of [37] ) from the Manus Spreading Center and Extensional Transform Zone (MSC and METZ), furthest from the arc, have the highest Ti8 and Fe8 (Fig. 5) , and the lowest Ba/La and H 2 O(8) (Fig. 4) . Plotted against Fe8 (Fig. 5 ), Ti8 shows positive correlations, with SER and MSC lavas forming the low-and high-value end-mem- bers, respectively. Na8, on the other hand, forms a triangular distribution when plotted against Fe8 (Fig. 5 ). Unlike the other BABs, there is evidence that sodium is added with other subduction components to the Manus mantle source [37] .
There are three groups of BABBs erupted in the Manus Basin and they systematically vary in location and composition between the Manus MORB-and arc-like end-members [37] . Group Be is from the axial deep that is the western segment of the SER, group Bs is from the Southern Rifts (SR), and group B lavas occur from the central MSC to the METZ (Fig. 4 ). Fe8 and Ti8 contents sequentially increase ( Fig. 5) and Ba/La contents progressively decrease (Fig. 4) in the order Be, Bs, B, corresponding to increasing distance to, and decreasing source contributions from, the arc/slab. BABB (group B) and MORB-like (group M1) lavas erupt together on the central and western MSC and on the METZ. Group B lavas are characterized by higher Ba/La and H 2 O(8) (Fig. 4) , and lower Ti8 and Fe8, than group M1 lavas ( Overall, the Manus Basin lavas reveal progressively greater extents of melting of progressively more depleted mantle that has been progressively enriched in slab-derived components in the sequence M1^M2^B^Bs^Be^A2^A1, which (except for B) corresponds to decreasing distance to the New Britain island arc [37] .
Mariana Trough
GPS-derived spreading rates increase from 26 mm/yr towards 070 ‡ at 18 ‡N to 45 mm/yr towards 097 ‡ at 13.5 ‡N, consistent with a pole of Mariana Trough opening near (but southeast of) the northern apex of the basin [51] . The ¢rst-order segment-scale depth and geochemical di¡erences are between lavas from the arc-proximal regions ( 6 13.5 ‡N, and s 21 ‡N: the volcano-tectonic zone, VTZ, including rifting north of V22 ‡N) and those from the spreading axes in between (Figs. 1 and 6). The VTZ lavas are transitional in major, trace and isotope compositions between the Mariana Trough Basalts (MTB) and nearby island arc lavas [39, 42] , with characteristically high Ba/La and H 2 O(8) and low Na8, Ti8 and Fe8 (Fig. 6 ). Unpublished analyses (P. Fryer, J. Pearce and R. Stern, personal communications, 2003) indicate that the lavas also become arclike south of 13.5 ‡N, where the spreading center transitions from a rifted valley to an axial high (Fig. 6 ). Like many of the most arc-like VTZ samples, an andesite (55.95% SiO 2 ) dredged from the ridge axis at 13 ‡20PN is not plotted in our ¢gures because it is so fractionated (MgI5%) that it fails our sample selection criteria.
The MTB from the spreading axes at 13.5 ‡2 1 ‡N range between normal MORB-like (e.g. 15 ‡N) and arc-like (e.g. 18.35 ‡N) compositions (Fig. 7) [38, 41, 42, 52, 53] . Na8 and Ti8 correlate positively with Fe8 along one principal trend, with a few (mainly arc-like) samples o¡set to lower Na8 and Ti8 values (Fig. 7) . From the only two DSDP holes to penetrate MTB (Sites 454 and 456), Wood et al. [54] reported a BABB series with end-member MORB-like and arc-like compositions inter-layered. The full range of compo- sitions (MORB-like, BABB and arc tholeiite) is also present in close proximity on axis (e.g. at 16 ‡N, and at 17.8^18.35 ‡N, Figs. 6 and 7), con¢rming major source heterogeneity. Stolper and Newman [40] showed that melting mixtures of a MORB-type mantle source with, and in direct proportion to the amount of, a H 2 O-rich component can produce the range of MTB observed.
East Scotia Basin
Like the Mariana Trough, the east Scotia Basin spreading axis has arc-proximal shoal segments (E2 and E9) on both ends but is characterized by axial graben for most of its length (Fig. 8 ) [48] . The morphological variation cannot be ascribed to spreading rates, which vary little along strike (60^70 mm/yr). There is a seismically imaged melt lens under segment E2 and a caldera at the summit of segment E9 [55, 56] . The enhanced melting to form the E2 and E9 ridges has been attributed to the £ow of enriched mantle around the ends of the subducted slab, bringing with it both an Atlantic hotspot and a South Sandwich arc signature [55, 56] .
The geochemistry of the axial lavas broadly supports these inferences. There is both a plume (e.g. high La/Yb) and a subduction (e.g. high Ba/ La and H 2 O(8)) component in the E2 and E9 lavas (Fig. 8) [43, 44] . In addition, however, there is a subduction component (with high H 2 O and Ba/La), ascribed to a sediment melt, in E3/E4 and a depleted arc-like component in the southern E8 and northern E9 lavas [44] although none of these are associated with shallow depth anomalies. The central spreading segments, E5^E7, as well as the center of E3 and the north of E8, have MORBlike compositions (Figs. 8 and 9 ). The MORB-like compositions (VFe8 s 7.5) show decreasing Na8 with increasing Fe8 (Fig. 9 ) that matches the global MORB trend (Fig. 10) and re£ects a positive correlation between the average degree and pressure of melting of the least hydrous samples. The larger variation in Na8 and Ti8 versus Fe8, however, is towards decreasing Na8 and Ti8 with decreasing Fe8. This is caused by a MORB-like source (the low-degree-melt end-member) mixing with, and melting in proportion to, the amount of a depleted arc-like source with high water contents. The axial lava compositions of segment E3 are particularly heterogeneous, with compositions within this one segment ranging from the MORB-to arc-like end-members (Fig. 9 ).
Inter-basin comparison
To further compare the similarities and di¡er-ences in the compositional trends represented by lavas from the Lau, Manus, Mariana and east Scotia basins, we plot Na8, Ti8, and H 2 O(8), all versus Fe8, and Ba/La versus Ti8, from the four BABs in Figs. 10^13 , respectively. The MORBlike end-members of the four basins fall along the global MORB array of decreasing Na8 with increasing Fe8 (Fig. 10) , re£ecting a positive correlation between the average degree and pressure of decompression melting as a result of regional variations in mantle potential temperature [1^3]. These end-members have the highest Ti8 and so represent the least melted mantle sources within each basin (Fig. 11) . They also have the lowest H 2 O(8) and Ba/La (Figs. 12 and 13) .
The Ti8 versus Fe8 trends are o¡set between the four basins in the order east Scotia, Mariana, Lau and Manus, from highest to lowest Ti8 (Fig.  11) . Na8 versus Fe8 trends overlap for Scotia and Mariana and are each higher in Na8 than the overlapping trends for Lau and Manus (Fig.   Fig. 10 . Plot of Na8 versus Fe8 for BAB lavas. The least melted (highest Ti8, Fig. 11 ) and least hydrous (Fig. 12) samples fall along the global MORB array of Na8 versus Fe8 compositions (most of which plot above the dashed line), re£ecting a positive correlation between the average degree and pressure of decompression melting, both of which increase with mantle temperature [1^3]. BABB compositions decrease in Fe8 and Na8 as the water content and total extent of melting (including prior melting) increase toward the arc-like (subduction component) end-members within each basin. 10). These trends ¢t the ¢rst-order global MORB trend of compositions versus average ridge depths [2] , the spreading segments of the Manus (15002 700 m) and Lau (1500^3200 m) being shallower than those of the Mariana (2500^5500 m) and east Scotia (2400^4100 m) basins.
Much of the inter-basin geochemistry and depth variation can be explained by variable pressures and extents of mantle partial melting that match global MOR trends associated with mantle potential temperature variations (i.e. Lau and Manus source regions are hotter than Mariana and Scotia). The Na8^Fe8 BAB variations are about two-thirds of the global MOR ones, implying temperature di¡erences of about 200 ‡C if all the global variations are ascribed to temperature di¡erences of a compositionally homogeneous mantle [1, 2] . Given that subduction rates are fast beneath Lau and Manus ( s 140 mm/yr [57, 58] but slow to intermediate beneath Mariana and Scotia (40^70 and 67^79 mm/yr [48, 51] ), this is consistent with the correlation between subduction rate and mantle wedge temperature predicted by numerical models [59, 60] . In these models fast subduction induces fast mantle wedge advection and isotherms compressed against the slab, whereas slow subduction and advection allow signi¢-cant cooling of the mantle wedge.
The arc-like end-members of the BAB compositional spectrum show evidence of hydrous £ux melting, being enriched in water and other incompatible elements (e.g. Ba/La) derived from subduction (Figs. 12 and 13). They are characterized by low Na8, Ti8, (and Fe8, Figs. 10 and 11), indicating high extents of total melting. As shown in Figs. 10^13, they have a range of compositions, both within individual basins (especially Manus and Mariana) and between the four basins. This range re£ects, amongst other things, di¡ering amounts of alkalis and large ion lithophile elements (LILE) added by subduction components. Note that, although arc-like, these end-members are not identical to adjacent frontal arc lavas, which themselves have a range of compositions that typically sub-parallel the Na8 and Ti8 versus Fe8 trends of their back-arc lavas, but often at even lower Na8 and Ti8 (e.g. [42,60^62] ). Rather, they re£ect components derived from the progressive release of £uids from the subducted slab (and their sequential reactions with the overlying mantle), including components sourced and/or equilibrated deeper than those in£uencing the volcanic front.
Compositionally between the MORB-and arclike end-members are suites of BABB (Figs. 10 and 11) formed by melting of variable mixtures of the end-member sources. As shown by Stolper and Newman [40] and Sinton et al. [37] for the Mariana and Manus basins, respectively, a plot of H 2 O(8) versus Ti8 con¢rms that the total extent of melting is proportional to the amount of water present (i.e. decreasing Ti8 correlates with increas- Fig. 13 . Plot of Ba/La versus Ti8 for BAB lavas. Greater slab contributions (higher Ba/La) correlate with greater extents of melting (lower Ti8). (8) 63] . This is in marked contrast to the decrease in mean extent of melting observed in MORBs, where regional enrichments in source water content produce a long low-extent-of-melting tail at the base of the melting column [64] . The supply of £uids to the supra-subduction zone (SSZ) mantle wedge is able to sustain back-arc melting of even previously (melt) depleted sources.
Extents of mantle melting
For the Mariana Trough, estimates of the total degree of melting from Ti^Yb systematics range from 7 to 16% for MTB, and from 12 to 36% for VTZ and 18.35 ‡N lavas [42] . Likewise, assuming that MORB-type M1 magmas in the Manus Basin were generated by 10% total fusion, Sinton et al. [37] showed from Nb, Zr and Ti versus Y data that the sequence B, Bs, Be and A2 (Fig. 5) would require successively greater extents of melting of the same source, from 16% up to a maximum of over 40%. Such high extents of melting (beyond the exhaustion of major mantle phases such as clinopyroxene at 20^25%) are unlikely in single melting systems (e.g. [1, 65] ).
The alternative is that the BAB lavas were derived from melts of sources already variably depleted in Ti, Y, Yb and other HFSE and HREE relative to the source for MORB. This is the commonly accepted interpretation for island arc lavas, whose HFSE and HREE depletions are so great that they are inferred to result from the melting of sources residual to previous melting (e.g. [60, 65, 66] ). The prior melting is often attributed to current or former back-arc spreading (e.g. [60, 61, 67, 68] ). However, one of the highest levels of arc depletion is sustained in the Izu^Bonin arc for s 12 Myr without back-arc spreading [69] . From this we infer that regular arc processes such as ongoing hydrous £uxing of the arc sources [40] and magmatism behind the volcanic front [66, 69, 70] are capable of sustaining the heterogeneity of the mantle wedge (i.e. depletion of arc sources relative to behind-the-arc and MORB sources).
The extent of mantle melting re£ects the combination of four e¡ects: the depression of the mantle solidus as a function of water content (hydrous £ux melting), the amount of adiabatic upwelling above the solidus (decompression melting), the original composition of the mantle (which may have experienced prior melting), and mantle temperature. Thus measures of extents of melting do not translate directly into crustal production in arc^backarc settings, but rather re£ect the total history of melt extraction. Crustal production will depend on the fraction of current (not former) hydrous and decompression melting, multiplied by the (arc or back-arc) volume of mantle melting, minus the amount of melt retained in the mantle. In BABs, therefore, crustal production provides a di¡erent measure than lava geochemistry of the extent of melting. Na8 and Fe8 do not linearly correlate with depth in each basin, and do so only to ¢rst order between basins. 
Discussion
The MT02 model
To explain the systematic (but non-linear) variations in magma production and composition as a function of distance from the volcanic front, Martinez and Taylor [26, 27] proposed a model (MT02) in which back-arc crustal accretion is controlled by the subducting slab, which shapes the thermal, £ow and compositional characteristics of the melt source regions in the mantle wedge. They proposed that in BABs an advective system similar to that of MORs (Fig. 16A ) is superimposed on a SSZ £ow ¢eld (Fig. 16B ). This allows material that has undergone varying melt extraction and slab input to be re-circulated into the melting regimes of the back-arc spreading centers by mantle wedge corner £ow [71] (Fig.  16C^F) .
In the MT02 model, SSZ mantle that is progressively depleted of a melt component toward the volcanic front [66, 70] is advected toward the wedge corner and downward with the slab (Fig.  16B) . When back-arc extension commences it initiates lithospheric plate separation near the rheologically weak volcanic front (Fig. 16C) . With increasing extension a sea£oor spreading center is established near the volcanic front advecting highly hydrated mantle (Fig. 16D) . As a consequence, an enhanced magmatic stage and thick crust result. With continued spreading the extension axis separates from the volcanic front (Fig.  16E) . Mantle hydration from the slab decreases. Strongly melt-depleted mantle (created by arc magmatism and/or sea£oor spreading) is variably mixed with ambient mantle as a result of corner £ow and advection by the spreading center. These conditions result in diminished magmatism and thinner crust. Eventually, the back-arc spreading system separates su⁄ciently from the volcanic front that it is not signi¢cantly a¡ected by hydration, re-circulated melt-depleted mantle, and slabderived geochemical components (Fig. 16F) . Spreading centers then advect ambient MORBsource mantle and their crustal accretion characteristics are like MORs, controlled largely by spreading rate.
Below, we evaluate the MT02 model in light of the more detailed geochemical systematics developed herein, including the addition of data from the east Scotia Basin not previously considered by Martinez and Taylor [26, 27] .
Enhanced magmatism
Consistently in the Lau, Manus, Mariana and east Scotia basins, the extension axis is magmatically robust and shallow when nearest the island arc (segments VFR, SER, 13 ‡N/VTZ and E2/E9 in Figs. 2, 4, 6 and 8, respectively) . This relationship is not dependent on spreading rate, which is slow to very slow in the case of the VFR and VTZ, respectively, but it does correlate to ¢rst order with lava geochemistry. The arc geochemical signature (as re£ected by high Ba/La and H 2 O(8), Figs. 12^15) is stronger within each basin along the shallow ridges closest to the island arc (Figs. 2, 4, 6 and 8) . Exceptions include segment E4 lavas from the east Scotia Basin and 18.35 ‡N arc tholeiites from the Mariana Trough. These arc-like compositions are not associated with robust magmatic segments, probably because they represent local heterogeneities that have not dominated the total crustal production.
In the east Scotia Basin, other source characteristics, speci¢cally Atlantic plume components, also contribute to the shallow ridge segments E2 and E9 [43, 44, 48, 55, 56] . Thus an additional process that may enhance melting adjacent to the transform-bounded ends of back-arcs, such as east Scotia and northern Lau [72] , is £ow of enriched mantle around the ends of the subducted slab.
It might be expected from the two-dimensional depiction of the MT02 model in Fig. 16 that lavas erupted during arc rifting and the initiation of back-arc spreading would have arc-like compositions. Although this is known to be the case in the VTZ of the northern Marianas [39] , counter-examples include some MORB-like samples from the early opening of the Lau Basin at ODP Site 834 and the BABB lavas from the Sumisu Rift of the Izu^Bonin arc [73^75] . These examples remind us of the horizontally spaced nature of arc volcanism such that rift lavas can be similar to lavas from more mature BABs and distinct from contemporaneous volcanic front and cross-chain lavas [76, 77] . In the third dimension, not shown in Fig. 16 , arc magmatism is spaced along strike and there are regions of little slab in£uence in between (e.g. [78] ). When fast back-arc spreading develops, as in the Lau and Manus basins, the back-arc £ow patterns and crustal melt lenses will become more two-dimensional. Slowly opening back-arcs, such as the Mariana Trough, may perpetuate three-dimensional patterns of mantle £ow, crustal magmatism and heterogeneiity.
Diminished magmatism
One of the most enigmatic characteristics of BABs are relatively deep segments with lava compositions indicating greater than normal extents of melting. Such is the case for the ELSC of the Lau Basin and the SR of the Manus Basin (Figs.  2 and 4) , whose enigmatic characteristics are in marked contrast to those of the more normal CLSC and MSC, respectively, in the same basins but further from their island arcs [26, 27, 34, 37] .
The MT02 model explains these apparently contradictory characteristics by proposing that not all of the melting occurred beneath the present spreading axes. Rather, some component of the mantle source mixture was subject to melt extraction by earlier spreading (analogous to the VFR and SER) and island arc magmatism, that depleted it of incompatible elements (Fig. 16D) . Subsequent addition of slab-derived components, including water, during wedge corner £ow would allow this depleted source to mix and melt with ambient MORB-source mantle (without extreme depletion characteristics), but not to the extent of the MORB-source end-member (Fig. 16E) . The result is a thinner, deeper crust that has a geochemical signature (low Na8, Ti8, Fe8) of high extents of melting. Global MORB compositiond epth systematics do not match this BABB signature.
We note that some samples south of 20 ‡S on the ELSC in the Lau Basin do show extreme depletion characteristics (e.g. low Ti8, Fig. 3 ; as or more depleted than island arc lavas [34] ) that likely represent a poorly mixed depleted endmember composition. Similar depletions are evidenced by samples from 59.4 ‡ to 59.9 ‡S in the east Scotia Basin (between, not on, the E8 and E9 axial highs, Fig. 8 ) [44] . The existence of these extreme sample compositions is di⁄cult to explain without corner £ow re-circulation of previously melted mantle material.
The possible presence of diminished magmatism between 14 ‡ and 20 ‡N in the Mariana Trough is not readily distinguished by its morphology, which is typical of slow-spreading MORs. Nevertheless, it is consistent with the location of the spreading axis (at comparable arc distances to that of the diminished melting parts of the Lau and Manus basins), and the geochemical evidence for mixed mantle sources, often with high water contents [40^42]. Despite near-vertical slab subduction, previously depleted, and subsequently £uid-enriched, mantle sources are circulated at least as far as the central Mariana Trough axis (110 km, Fig. 6 ).
Normal magmatism
The CLSC and MSC in the Lau and Manus basins, and segments E5^E7 in the east Scotia Basin, at V180, V240 and V380 km, respectively, from their island arcs, are the spreading segments least in£uenced by slab e¡ects. Their Melt is transported to the spreading axis (¢ne dotted lines) and accretes the crust (dark gray). Melt-depleted mantle £ows horizontally away with the separating lithospheric plates. Gray shading in the mantle above the solidus indicates increasing depletion of the residual mantle toward the surface. This ¢gure follows [1] . (B) In subduction settings the motion of the slab (black arrows) drives corner £ow advection in the mantle wedge (indicated by dashed stream lines with small arrows). Water released by the slab (which increases in concentration toward the volcanic front) and vertical advection induced by corner £ow expand the volume of mantle above the solidus (indicated by heavy solid line). As mantle material is advected into the zone of hydration progressive partial melting occurs. Melt rises (¢ne dotted lines) and may form back-arc seamount chains (indicated by surface triangular shapes). Mantle is progressively depleted (indicated by darker gray shading) of a melt component toward the volcanic front (large surface triangular shape) and is advected toward the wedge corner and downward with the slab. For old and/or slowly subducted lithosphere, downward advection and slab cooling keep the solidus above the slab. This ¢gure follows [66, 70] . (C) When back-arc extension commences, the lithosphere rifts near the rheologically weak volcanic front. Hydrated mantle material in this region is advected upward into the stretching and thinning lithosphere, leading to high degrees of melting in the rift phase, unless slow subduction leads to signi¢-cant mantle wedge cooling. (D) With increasing extension a sea£oor spreading center is established near the volcanic front advecting highly hydrated mantle. As a consequence, an enhanced magmatic stage and thick crust (indicated by dark gray layer) result. (E) With continued spreading the extension axis separates from the volcanic front. Mantle hydration from the slab decreases and strongly melt-depleted mantle is varyingly mixed with ambient mantle as a result of corner £ow and advection by the spreading center (indicated by closed streamline). These conditions result in diminished magmatism and thinner crust (indicated by thinner dark gray crustal layer). (F) Eventually, the backarc spreading system separates su⁄ciently from the volcanic front that it is not signi¢cantly a¡ected by hydration, re-circulated melt-depleted mantle, and slab-derived geochemical components. Spreading centers now advect ambient MORB-source mantle and their crustal accretion characteristics are like MORs. lavas are LREE-depleted and MORB-like, with low water contents (V0.3%) and only very slight enrichments in LILE and depletions in Ta, Nb [35, 37, 44] . With average ridge depths of V2300 m, the CLSC and MSC end-member Fe8 and Na8 values (10.5%, 2.25%, Fig. 10 ) fall on the global trend for MORB systematics, as do those of the east Scotia segments E5^E7 (V3500^4000 m, 89
.5%, 2.5^3.5%) [1, 2] . Note, however, that BABB (group B) persist in the Manus Basin to distances of 250^300 km behind the New Britain island arc (Fig. 4) [37] . It is possible that the subducted £uids that modi¢ed the Manus mantle sources far from the modern arc were introduced by previous subduction of opposite polarity [61] . On the other hand, subduction components contribute to lavas from the east Scotia Basin spreading segments E2, E4, E8 and E9 at distances of 200^420 km behind the South Sandwich island arc (Fig. 8) [43, 44, 48] . We infer from these observations that back-arc spreading far behind island arcs should be MOR-like (Fig.  16F) , although some small-scale, slab-derived, geochemical heterogeneity in the mantle may be long-lived. At V300^550 km behind the New Hebrides arc, the central spreading ridge of the North Fiji Basin is a modern example whose characteristics are in accord with this inference [79] . We predict that if the Mariana Trough continues to open, its spreading axis will migrate far enough from the volcanic front and slab e¡ects to eventually accrete MOR-like crust.
Mixing
Mantle corner £ow provides a ready physical mechanism for mixing MORB-and arc-like sources together, as the BAB geochemical data require. In addition to wedge-scale £ow mixing, however, we envisage various smaller scales of mixing promoted by density and viscosity heterogeneities. Extraction of magma decreases the iron content of the residual mantle, making it more buoyant. If this dry residual mantle is re-hydrated by subduction components it will decrease in viscosity. The combination of the two e¡ects above subducted slabs will tend to promote circulation away from slab-parallel streamlines, producing complex four-dimensional mixing within the mantle wedge. Such mixing will produce a 'marble cake' pattern of smaller-scale source heterogeneities, in addition to those produced by the ¢rst-order corner £ow, with increasing proportions of the MORB-source end-member further away from the subducted slab.
Conclusion
The composition of lavas from active BAB spreading centers include arc-like components characterized by low Na8, Ti8 and Fe8, and by high H 2 O(8) and Ba/La (Figs. 10^15) and MORB-like end-members with the opposite traits. Between basins and, to a lesser extent, within each basin, the least hydrous compositions follow global MORB systematics that re£ect their di¡erent extents and pressures of melting. The Lau and Manus mantle source regions are hotter than those of Mariana and Scotia, consistent with numerical models that induce greater wedge advection when subduction is faster. The MORB-type mantle sources are mixed with, and melt in proportion to the amount of, previously depleted H 2 O-rich arc-type sources introduced by mantle wedge convection, to produce the range of observed compositions. The lower Fe8, Ti8 of BABB is not only the result of suppressed plagioclase crystallization relative to olivine, which produces higher Al8 and lower Fe8 [23, 52] , but also of their being melts of mixtures of MORB-and arc-like sources, the latter having undergone previous melting episodes.
Hydrous £ux melting allows depleted mantle sources just behind the volcanic front to melt extensively (Fig. 16D) , producing shallow spreading axes (e.g. VFR, SER, and VTZ). Flow of enriched mantle components around the ends of slabs may augment this process in transform-bounded backarcs such as the east Scotia Basin (segments E2 and E9). The re-circulation to the spreading axes of mantle previously depleted by both arc and spreading melt extraction (Fig. 16E) can explain the greater depths and thinner crust of the ELSC, SR, and Mariana Trough and the very depleted lavas of east Scotia segments E8/E9. The crust becomes MOR-like on the CLSC, MSC and east Scotia segments E5^E7, where the spreading axes, further away from the island arc and subducted slab, entrain dominantly fertile mantle (Fig. 16F) .
